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Using the in-beam y-ray and off-beam ac t iva t ion  production of individual  f i n a l  nuc le i  were obtained by 
techniques1 we have measured production cross sec t ions  summing observed cross  sec t ions  f o r  y-rays 
f o r  various res idua l  nuclei  and i n t e g r a l  r e c o i l  ranges corresponding t o  t r a n s i t i o n  t o  the ground s t a t e  and t o  
of radioact ive nuclei  formed i n  the 20-200 M e V  alpha the known isomeric s t a t e s  of the respect ive nuc1eus.l 
p a r t i c l e  bombardment of 5 9 ~ o  ta rge t s .  We a l s o  measured The r e c o i l  ranges were measured by bombarding a 
angular d i s t r i b u t i o n s  of radioact ive r e c o i l s  a t  80 and s tack of S9co t a r g e t s  sandwiched between kapton or  Al 
118 MeV bombarding energy. catchers  and interspersed by aluminum energy-degrading 
The in-beam y-ray measurements were performed f o i l s .  The r a t i o  of the a c t i v i t y  measured i n  a catcher  
using Ge(Li) de tec to rs  with a resolut ion of -2.5 t o  the t o t a l  a c t i v i t y  i n  the catcher  plus the preceding 
keV a t  1330 keV y-energy. Cross sect ions f o r  the t a rge t  f o i l  y ie lds  a good measure of the project ion of 
61 Co 
l l l ' l l ' l l r l l ' l ' l  6 0  Co 58 Co 1 1 " 1 1 1 1 ' 1 1 " 1 ' 1  l r " ' l ' l " l ' l l l l  
lo- i 'I+e + 5 9 ~  loor K)O: 'HC + 5 9 ~ ~  
Z 5.0 - A + - - Final product: 6 ' ~ o  1 2 5 0 1  f5Oo_ Final product: % - 
- 
- - 
- 
.g 
- - f j i 1 1  . .g : + i " " i i i  ; 1 1 i l  I " a *  a * *  * B - 2 i 
8 1.0 - i 
O I : 6 lo: 7 "' 
0.5: 
I 4  : 3 :  'He + 5 9 ~ o  
Final product: 
50 - 
: f  1 1 1 1 1 1 1 1 1 , 1  
I 
1 . 0 0 1  
0.5 
* *  i  
Figure 1. Cross 
0  Y ) K X ) 1 5 0 2 0 0  
E, ( ~ e v )  E, (M~v) sec t ions  (a) and 
E, (MeV) i n t e g r a l  r e c o i l  
ranges (R) 
57 co 5 6  Co 
I ~ ~ ~ ~ I ~ ~ - ~ I ~ - ~ ~ I +  , . . .  , 1 . , , , , , m 5 5 , c 0  p l o t t e d a s a  
funct ion of 
bombarding 
a-energy t o r  the 
1 ' 1 ' 8 1 -  
10: 
A - A 
.. .... . 
0 - 0 - . *  
.- - 
. 
- 2 5 . 0 -  
- - * -  .**... - 
'tie + - . . 6 I q  
.g '", C 
- 
* *! 
- 
Final product: %Go i radioact ive ' - 8 f ' ~ e  +'%a - 3 
8 10: Final product: " ~ o  6 3 3 I . O :  
3 f 1 3 :  0 0.5- 
I" 2w the  r e c o i l r a n g e s  1 p a r t  f i g u r e  c lculated of a re  the 
assuming a f u l l  
3 0.5 momentum t r a n s f e r  
t o  the compound 
nucleus. 
0  50  100 150 200 
EL, (MeV) EL, (MeV) 
*He + "Go products of ' Final product: 55Co 4&+59~0 
- 
1 , , , , 1 1 1 1 1 1 1 1 1 1 1  
react ion.  The 
s o l i d  l i n e s  i n  
t h e  r e c o i l  range on the  beam ax i s .  production c ross  s e c t i o n s  f o r  r ad ioac t ive  products and 
The angular  d i s t r i b u t i o n s  of t he  r ad ioac t ive  the  r e c o i l  ranges a r e  shown a s  a func t ion  of the  
products were measured by bombarding t h i n  l abora to ry  bombarding energy. The s o l i d  curves 
(150-200 pg/cm2) 5 9 ~ 0  t a r g e t s ,  evaporated on a Be o r  Al r ep resen t  t he  r e c o i l  range of the  f i n a l  nucleus i f  i t  
backing over a c i r c u l a r  a r e a  3 nnn i n  diameter.  The were an evaporat ion product of a compound nucleus 
r e c o i l i n g  n u c l e i  were c o l l e c t e d  on a s e t  of concen t r i c  having the  i n c i d e n t  momentum of the  p r o j e c t i l e .  The 
r i n g s  made of kapton o r  aluminum and placed 125 nnn dev ia t ion  of the  observed r e c o i l  ranges from the  s o l i d  
from the  t a r g e t  perpendicular  t o  the  beam ax i s .  The curve marks the  onset  of nuclear  r eac t ion  processes  i n  
r i n g s  covered an angular  range of 0" t o  70" wi th  which a s i g n i f i c a n t  f r a c t i o n  of the  inc iden t  l i n e a r  
r e spec t  t o  the  beam and the  widths of the  i n d i v i d u a l  momentum is  c a r r i e d  away by emission of forward-peaked, 
r i n g s  corresponded t o  an angular  s t e p  of 5" o r  10". h igher  energy (compared t o  evaporat ion process)  l i g h t  
Resu l t s  of t he  pre l iminary  a n a l y s i s  of t he  d a t a  p a r t i c l e s  and/or by t r a n s f e r  react ions .  The f i r s t  peak 
a r e  shown i n  Figs. 1 through 5. I n  Figs. 1 and 2 the  i n  the  double-peaked e x c i t a t i o n  func t ions  corresponds 
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t o  the  r eac t ion  process  involving evaporat ion of a t  a long the  beam a x i s  PI I ,  t o  PCN, the  l i n e a r  momentum a  
l e a s t  one a lpha -pa r t i c l e  and the  second t o  t h a t  product would have i f  i t  were a  r e s idue  of the  i n i t i a l  
involving only nucleon evaporation. compound nucleus ,  is p l o t t e d  vs. M. PI ( f o r  a  g iven 
I n  Pig. 3, production c ross  s e c t i o n s ,  6, f o r  ARES was computed us ing the  observed r e c o i l  range, t he  
product nuc le i  of mass ARES a r e  p l o t t e d  f o r  fou r  range-momentum r e l a t i o n s h i p  f o r  i ons  of appropr i a t e  
a-energies a s  a  func t ion  of M=&N-AREs (ACN i s  the  mass us ing the  t a b l e s  of Nor thc l i f f e  and S c h i l l i n g ,  
mass of the  compound nucleus).  For each energy the  and the  measured angular  d i s t r i b u t i o n  of the  r e c o i l  
r a t i o  of t he  momentum, of t he  r ad ioac t ive  products nucle i .  Since the  d i s t r i b u t i o n s  of PI j/PCN observed 
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f o r  the  r ad ioac t ive  nuc le i  a r e  changing smoothly with 
AA, it is reasonable t o  assume t h a t  PI I /PCN of a 
nonradioact ive  nucleus is c lose  t o  t h a t  observed f o r  a 
r ad ioac t ive  nucleus of the  same mass. Below an 
a -pa r t i c l e  bombarding energy of about 50 MeV 
e s s e n t i a l l y  a l l  product nuc le i  have PI J=PcN. At higher 
ene rg ies ,  one sees  a decrease i n  PI 1 /PcN with  AA, 
reaching a minimum with AA = 4 o r  5 and inc reas ing  with 
AA the rea f t e r .  At higher energies  P J ( / P C N  appears t o  
l e v e l  off  a t  -70% f o r  l i g h t  product nucle i .  The 
f a c t  t h a t  the  pos i t ion  of the  minimum i n  PI (/PCN is  
independent of the  bombarding energy and is loca l i zed  
near  AA=4 impl ies  t h a t  f i n a l  nuc le i  with mass c lose  to ,  
but l i g h t e r  than, the  t a r g e t  a r e  produced v i a  ( a , a l )  
followed by p a r t i c l e  evaporation. I n e l a s t i c a l l y  
s c a t t e r e d  a-par t ic les  ca r ry  away progress ively  lower 
f r a c t i o n s  of the  inc iden t  a -pa r t i c l e  momentum with 
inc reas ing  e x c i t a t i o n  energy i n  the  t a r g e t ;  thus 
leading t o  inc reas ing  r e c o i l  momentum f o r  l i g h t e r  
product nucle i .  Clear ly  very l i g h t  f i n a l  nuc le i  a r e  
produced predominantly v ia  evaporation from an i n i t i a l  
highly-excited compound nucleus. 
The average number of nucleons removed 
and average value of t r ans fe r red  l i n e a r  momentum 
a r e  p lo t t ed  a s  a func t ion  of the  bombarding energy i n  
Fig. 4. Below 50 MeV t he  s lope of AA vs. Ea is 
about 1 nucleon per 10 MeV and f a l l s  t o  one nucleon per 
37 MeV a t  h igher  energies.  At 50 MeV <P 1 I /PcN> drops 
below 100% and keeps f a l l i n g  monotonically beyond it. 
Both of these  f e a t u r e s  a r e  cons i s t en t  with the  idea  
t h a t  beyond around 50 MeV bombarding energy the  
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Figure 4. Energy dependence of the  average value of 
t r a n s f e r r e d  l i n e a r  momentum <PI 1/PCN> and of average 
mass removed <AA>. The l i n e s  a r e  t o  guide the  eye 
only. 
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Figure 5. Angular d i s t r i b u t i o n s  of r ad ioac t ive  Co 
i so topes  a t  two bombarding energies.  The a r e a  on t h e  
l e f t  of 0' r ep resen t s  t h e  f r a c t i o n  of the  a c t i v i t y  l e f t  
i n  the  t a rge t .  
non-compound nucleus formation processes start to evaporation. Broad distributions at large angles must 
dominate the reaction mechanism. come from reaction processes such as (a,al) and other 
The angular distribution of the radioactive cobalt transfer reactions. 
isotopes are shown in Fig. 5 at two energies. The 
1) J. Jastrzebski, H. J. Karwowski, M. Sadler, and P.P. 
narrow peaks in 0'-5" interval in each direction is Singh, Phys. Rev. C 19, 724 (1979) and Phys. Rev. 
C 22, 1443 (1980). 
consistent with the production of that nucleus from a 
2) L.C. Northcliffe and R.F. Schilling, Nuclear Data 
forward recoiling compound nucleus through nucleon Tables, Vol. L (1970). 
